Sodium alanate (NaAlH 4 ) was ground in a glove box in inert gas and transferred to a microscope without exposing the samples to air, using a plastic bag method. The results of in-situ electron beam diffraction showed that NaAlH 4 decomposed to Na 3 AlH 6 and Al, and then to NaH and Al when heated to 150 C and then 200 C. The decomposition of NaAlH 4 was observed by ex-situ transmission electron microscopy (TEM) at 1250 keV. Porous structures appeared when the samples were heated and dehydrogenated. These are likely due to structural defects or are cavities due to volume changes between phases. The Na 3 AlH 6 and Al particles were found to distribute around the pores.
Introduction
Complex hydrides, such as NaAlH 4 and LiBH 4 , are considered excellent candidates for hydrogen storage compounds because of their light weight and the number of hydrogen atoms stored per metal atom. 1) When Bogdanovic and Schwickardi demonstrated that using Ti as a catalyst enhances the absorption and desorption properties of hydrogen in NaAlH 4 , 2) NaAlH 4 has attracted worldwide attention. These compounds are being considered as promising candidates for applications on vehicles because of their high hydrogen storage capacity.
Hydrogen is released from NaAlH 4 via the following two reversible steps: 3NaAlH 4 , Na 3 AlH 6 þ 2Al þ 3H 2 (3.7 mass%) Na 3 AlH 6 , 3NaH þ Al þ 3/2H 2 (1.9 mass%) NaAlH 4 has a theoretical total hydrogen capacity of 5.6 mass%, with the first and second reactions contributing 3.7 and 1.9 mass%, respectively.
Some results indicate that the Ti-dopants are reduced to the catalytically active zerovalent state of titanium in the doping process. [3] [4] [5] Further, it may be assumed that the location of reaction events is at the phase boundary between Al particles and the NaH, Na 3 AlH 6 , or NaAlH 4 phases. 4) Structural investigations on the as-prepared and cycled samples found that changes in the milling atmosphere during the doping process resulted in variations in the distribution state of the catalytically active phase. 6) Phase transition and crystal structure modifications during the thermal-desorption decomposition of alanate NaAlH 4 was also accomplished through the use of in-situ X-ray powder diffraction. 7) After several absorption and desorption cycles, there appears to be some chemical association between Ti and Al. 4, [8] [9] [10] [11] Earlier, the microstructure of NaAlH 4 with TiF 3 additive has been investigated by a combination of TEM, SEM, and EDS. There is no significant change in the Al grain size within the alanate particles of the sample after ball milling nor after 15 storage cycles.
10) The electron microscope observations have shown that particles are characterized by the presence of numerous pores. 9, 10, 12) However, the decomposition mechanism of NaAlH 4 as well as the role of Ti during absorption and desorption is still not fully understood.
Some studies have investigated the microstructure of NaAlH 4 before or after one or several hydrogenation/ dehydrogenation cycles using TEM, SEM, and other methods. But since NaAlH 4 has a two-step dehydrogenation reaction, there is no previous work to elucidate details of these two desorption processes of NaAlH 4 using TEM and high voltage electron microscope (HVEM) observations. The work in this paper focuses on an understanding of the evolution of the microstructure during NaAlH 4 decomposition, in order to estimate the dehydrogenation mechanism, by using TEM and HVEM. This work is also helpful to further understand the catalytic mechanism of Ti-additives in hydrogenation/dehydrogenation processes.
High-resolution TEM (HRTEM) imaging is used as a unique technology to obtain micro-characterization at the atomic level. It is mostly utilized to analyze defects in materials. In the investigation here, in order to directly investigate the NaAlH 4 decomposition mechanism visually, in-situ and ex-situ experiments were performed by using a HVEM at 1250 kV. The in-situ observations are of the in-situ transformation of particles during the reactions. However, in the investigation, the sample is unstable when attempting to take high-resolution (HR) images at elevated temperatures. One reason for this is rapid decomposition when the samples were heated. Even when a heated sample is cooled to room temperature (R. T.) in order to record a stable, HR-image, it takes time for the cooling to complete in the microscope. These factors make it difficult to obtain good HR-images in in-situ HR experiments. Hence, an ex-situ experiment was designed. In the ex-situ experiment, heat treatment was performed outside of the HVEM which means that it was not necessary to heat samples in the microscope thus making it easier to take HR-images. Only the images from the ex-situ HR experiments are shown in this paper.
The use of electron microscopes is limited because of the unstable/sensitive features of NaAlH 4 both under the electron beam and in exposure to the air. 4, 8, 10) In this paper, the sensitive properties of NaAlH 4 have been considered carefully, and several experimental methods were introduced to obtain credible and exact experimental data.
Experimental
The NaAlH 4 powder was purchased from Aldrich. A glove box filled with argon gas was used to handle samples to minimize sample contamination from oxygen and water vapor contact, since even a short exposure to air would largely alter the microstructure and morphology of the NaAlH 4 and especially have a great influence on the SAED (selected area electron diffraction) analysis in TEM investigations. All the processes for preparing the samples for TEM and HVEM were carried out in the glove box at less than 5 ppm of oxygen.
The imaging at a low voltage (200 kV) was first performed in the JEOL-2010 at R. T., 100, 150, and 200 C. HRobservations were made in the JEM-ARM 1300 (1250 kV) at Hokkaido University. A heating holder was required to heat samples in the TEM and HVEM columns. For the ex-situ experiments two temperatures (180, 250 C) were selected to observe two distinct states after each reaction step was fully completed. The samples, after heat treatment for 5 h maintained at the different temperatures, were mounted in the holder and observed in HVEM without other heating for the electron microscopy.
The NaAlH 4 sample was dispersed on an Mo grid after grinding for two minutes by hand. The TEM and HVEM observations were performed on the samples attached on the edge of the Mo grid.
Additionally, in the transfer of the NaAlH 4 to the TEM and HVEM from the glove box, a transfer method employing a plastic bag was introduced. The TEM holder was sealed in a long plastic bag in the glove box and transferred to the entrance of the TEM. An inert atmosphere was assured by flushing pure argon gas at the joint between the TEM and the plastic bag, thus making it possible for the holder to be transferred into the TEM safely without air exposure.
To minimize knock-off and heat damage caused by the radiation from the electron beam in TEM, the intensity of the electron beam was limited during the microstructure observations. Figure 1 shows SAED patterns at different temperatures. The pattern for R. T. indicates that the diffraction pattern was exclusively from NaAlH 4 . The diffraction pattern at 100 C, which was similar to the diffraction at R. T. is not shown. There were some diffraction rings from Na 3 AlH 6 and Al at 150 C, and it may be assumed that NaAlH 4 started the first decomposition reaction at around 150 C. Some NaAlH 4 remains, suggesting that the first reaction was not completed at this temperature. The SAED pattern at 200 C suggests that NaAlH 4 is fully dehydrogenated to NaH and Al, since the data does not show diffraction rings from intermediate phases. The different phases identified by the diffraction patterns are shown in Table 1 .
Results and Discussion
The HRTEM image of the NaAlH 4 particles at R. T. is shown in Fig. 2 . After Fourier transformation and inverse Fourier transformation, the interplanar distances could be measured to suggest the particle sizes. After measuring all the particles, it was found that most of their interplanar distances C is similar to (a) and not shown. Table 1 Phases identified from the SAED patterns in Fig. 1 .
Temperature Identification

R. T. NaAlH 4
150 C NaAlH 4 + Na 3 AlH 6 + Al 200 C NaH + Al matched the NaAlH 4 (1 0 3) crystal plane as shown in Fig. 2 (marked by the broken ovals). Some particles, where the interplanar spacing did not correspond to the NaAlH 4 , were considered to be impurities or the oxides and hydroxides formed by the contact between NaAlH 4 and air. There is also possible that heat damage and knock-off damage from the electron beams affects some particles and initiates the decomposition to the intermediate phases in advance of the decomposition of the bulk sample. Details of the effect of such electric damage will require further investigation. An ex-situ HRTEM image of NaAlH 4 after 5 h of heat treatment at 180 C is shown in Fig. 3(a) . A porous structure is clearly observed in the figure. The existence of this type of porous structure during the decomposition of NaAlH 4 is thought to be due to structural defects or residual cavities after hydrogen has desorbed. When NaAlH 4 is decomposed, hydrogen gas would form inside of the NaAlH 4 matrix, and as a result the matrix would be distorted by the hydrogen gas and therefore the formation of pores is not surprising.
TEM observations of other complex hydrides have also shown similar pores in other hydrogen storage compounds formed of light elements. This kind of porous structure may be thought to be a characteristic feature of hydrogen storage compounds formed by light elements. The interesting aspect here is that when focusing the electron beam, the decomposition takes place, and the rate of decomposition is different from the bulk sample; and the speed this decomposition occurs at seems to contribute to the chemical activities of the individual sample. Detail of this aspect will require further investigation. Figure 3(b) is the inverse fast Fourier transform (IFFT) image from the dotted square in Fig. 3(a) . In Fig. 3(b) , the Na 3 AlH 6 and Al particles can be clearly observed. Na 3 AlH 6 and Al are around 5 nm across. Observations showed that Na 3 AlH 6 and Al particles are adjacent to porous structures but there is no clear relationship among the distribution of Na 3 AlH 6 , Al particles, and porous structures. It appears that particles and pores are generated and distributed during heating.
The NaH and Al particles can be seen in Fig. 4 , an ex-situ HR-image of NaAlH 4 particles after 5 h of heat treatment at 250 C. At this temperature, the distribution of particles and pores still similarly exhibits as in Fig. 3 .
Finally, it may be stated that, in general, the ex-situ data supports the findings of the in-situ experiments, and there is some indication that ex-situ HRTEM images can be more simply obtained than with in-situ experiments.
The findings here showed details of the decomposition processes of NaAlH 4 . In the first reaction, the NaAlH 4 particles decompose to Na 3 AlH 6 particles and Al crystals and a large number of pores are generated irregularly between the particles. The total volume of the sample would expand because of the pores and the light density of Na 3 AlH 6 . In the second reaction, the Na 3 AlH 6 particles decompose to NaH and Al particles and further pores appear. However, the second reaction does not lead to such a large change in the volume of the sample as the first reaction.
Conclusion
The paper here used TEM and HVEM to help establish the decomposition processes of NaAlH 4 . Diffraction data was obtained stepwise, and intermediate phases were confirmed by the SAED patterns. The dehydrogenation starting temperature of the first reversible decomposition reaction is around 150 C and it was established that the second reaction was complete at 200 C. A plastic bag method and expanded electron beam were used to minimize undesirable side effects. Ex-situ HRTEM observations were used to discuss the evolution of the microstructure and evaluate the distribution of the generated particles. Micrographs indicate that a porous structure, which is thought to be a common feature of hydrogen storage compounds formed by light elements appeared after the decomposition. Pores probably are formed due to structural defects or due to the volume changing with the changes in phases. Additional to the pore formation, there was a distribution of Al crystals and Na 3 AlH 6 particles. The experiments here have provided clearer and site specific HR-information from nano-particles by the HR-micrographs obtained in the ex-situ HRTEM experiments, suggesting that ex-situ HR experiments could be employed to play a greater role in hydrogen storage compound research due to the sensitivity features of these compounds.
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NaH(220) Al(111) Fig. 4 IFFT image from an ex-situ HRTEM image of an NaAlH 4 sample after heat treatment for 5 h at 250 C.
